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Cellulase,  an  enzymatic  complex  that  synergically  promotes  the degradation  of  cellulose  to  glucose  and
cellobiose,  free  or  adsorbed  onto  Si/SiO2 wafers  at  60 ◦C has  been  employed  as  catalyst  in  the  hydrolysis  of
microcrystalline  cellulose  (Avicel),  microcrystalline  cellulose  pre-treated  with  hot  phosphoric  acid  (CP),
cotton  cellulose  (CC)  and  eucalyptus  cellulose  (EC).  The  physical  characteristics  such  as  index  of  crys-
tallinity  (IC),  degree  of  polymerization  (DP)  and  water  sorption  values  were  determined  for  all  samples.
The largest  conversion  rates  of cellulose  into  the  above-mentioned  products  using  free  cellulase  were
observed  for  samples  with  the  largest  water  sorption  values;  conversion  rates  showed  no  correlation  with
either IC or DP  of  the  biopolymer.  Cellulose  with  large  water  sorption  value  possesses  large  pore  volumes,dsorbed cellulase
ellulose
ydrolysis
ater sorption
hence  higher  accessibility.  The  catalytic  efﬁciency  of immobilized  cellulase  could  not be  correlated  with
the physical  characteristics  of  cellulose  samples.  The  hydrolysis  rates  of  the  same  cellulose  samples  with
immobilized  cellulase  were  lower  than  those  by the  free  enzyme,  due  to the  diffusion  barrier  (biopolymer
chains  approaching  to the  immobilized  enzyme)  and  less  effective  contact  between  the  enzyme  active
site and  its substrate.  Immobilized  cellulase,  unlike  its  free  counterpart,  can  be  recycled  at least  six  times
ctivitwithout  loss  of  catalytic  a
. Introduction
Production of ethanol by biomass fermentation has gained much
ttention especially during the last two decades (Mansﬁeld et al.,
999; Olsson et al., 2005; Serrano-Ruiz et al., 2010; Wyman et al.,
005). After removing lignin and hemicelluloses, biomass cellulosic
aterial is ﬁrst converted into glucose either by chemical or enzy-
atic hydrolysis by cellulase, and then glucose is fermented into
thanol. Although cellulases are still expensive, the enzymatic pro-
ess is more attractive because of environmental considerations;
onversion efﬁciency can be enhanced by adjusting the process
onditions, or by enzyme genetic modiﬁcation (Himmel et al., 2007;
ticklen, 2008). Alternatively, immobilizing cellulases onto solid
upports can make the enzymatic hydrolysis more competitive
ecause the enzyme can be recycled (Chibata, 1978). For exam-
le, cellulase immobilized onto Si wafers (Tébéka et al., 2009)
ould be re-used six times and presented activity is only 20% lower
han that of its free counterpart. Similar behavior was  observed
or cellulase immobilized onto chitosan microspheres (Mao  et al.,
006), poly(vinyl alcohol) ﬁbers (Wu et al., 2005) poly(vinyl alco-
ol) coated Fe2O3 nanoparticles (Liao et al., 2010), commercial
ctivated carbon (Daoud et al., 2010) or polystyrene ﬁlms (Hirsh
∗ Corresponding author. Tel.: +55 11 3091 3831; fax: +55 11 3815 5579.
E-mail address: dfsp@iq.usp.br (D.F.S. Petri).
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Open access under the Elsevier OA license.y,  leading  to higher  overall  cellulose  conversion.
© 2011 Elsevier B.V. 
et al., 2010). Cross-linked cellulase aggregates prepared by pre-
cipitation in chilled n-propanol and chemically cross-linking with
glutaraldehyde could be reused three times without loss of activity
(Dalal et al., 2007).
Cellulase is an enzymatic complex composed of endo-
1,4--d-glucanases or endoglucanases, exo-1,4--d-glucanases
or cellobiohydrolases and 1,4--d-glucosidases. Endoglucanases
initiate cellulose hydrolysis process, disrupting internal -1,4-
glucosidic bonds along the cellulose chain, increasing the number of
ends of cellulose chains available for exoglucanases. These hydroly-
sis reactions take place predominantly in the amorphous regions of
cellulose. Exoglucanases may  then cleave off two units (cellobiose)
from each end of these shorter cellulose chains. Glucosidases
hydrolyze the disaccharides cellobiose units into two monosac-
charide (glucose) units (Wyman  et al., 2005). Thus the success of
enzymatic hydrolysis depends on the close contact between cellu-
lase and cellulose. On the other hand, the accessibility of cellulase
to cellulose depends, as usual for other reactions of cellulose under
heterogeneous (solid/liquid) conditions, on its structural charac-
teristics, e.g., surface area, porosity, index of crystallinity (IC) and
degree of polymerization (DP) (Chandra et al., 2009; Jeoh et al.,
2007; Puri, 1984); these depend on the sample history and source.
Open access under the Elsevier OA license.For example, cellulase-mediated biopolymer hydrolysis rates are
typically 3–30 times faster for amorphous cellulose as compared
with its highly crystalline counterpart (Lynd et al., 2002). While
some studies support this hypothesis (Cao and Tan, 2005; Pu et al.,
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006), others have reported that crystallinity of microcrystalline
ellulose (Avicel) does not change during enzymatic hydrolysis
Hall et al., 2010). It seems that the rate and extent of hydrolysis are
ather controlled by associated factors (DP, surface area, porosity)
han solely by IC (Park et al., 2010; Ramos et al., 1993; Thompson
t al., 1992). Sample history, as pre-treatment or drying process,
lso affects cellulose physico-chemical and morphological prop-
rties, yielding controversial conclusions (Jeoh et al., 2007). The
ost common problem associated to heat or high vacuum drying
rocesses is the irreversible pores collapse in the cellulose probes,
hich reduces the enzyme accessibility (Fan et al., 1981; Jeoh et al.,
007). Albeit the accessibility of cellulase to cellulose has been often
orrelated with the sample crystallinity, there is scarce information
n the literature about the accessibility of water to cellulose and its
nﬂuence on the enzymatic hydrolysis efﬁciency. The accessibil-
ty of water to cellulose can be directly associated with the water
orption ability and depends on the cellulose internal geometric
tructures.
In the present study the degradation efﬁciencies of cellulose by
ree- and immobilized cellulases were correlated with the charac-
eristics of the cellulose samples, not only IC and DP, but also water
orption values. To the best of our knowledge, this is the ﬁrst time
hat water sorption values were also used to understand the hydrol-
sis of cellulose catalyzed by free and immobilized cellulases. The
ater sorption values of cellulose samples were accurately evalu-
ted using a high precision tensiometer and the Washburn equation
Galet et al., 2010; Persin et al., 2002; Topalovic et al., 2007). The
ellulose samples employed included: Microcrystalline cellulose
Avicel); phosphoric acid-treated microcrystalline cellulose (CP);
otton cellulose (CC) and eucalyptus cellulose (EC). Their hydrol-
ses rate were evaluated by means of a standard method (Miller,
959) based on the reduction of 3,5-dinitrosalicylic acid (DNS) to
-amino-5-nitrosalicylic acid (ANS) by a reducing sugar as glucose
r cellobiose (products of cellulose hydrolysis).
. Materials and methods
.1. Cellulose and cellulase
Cellulase (C8546, from Trichoderma reesei ATCC 26921) and 3,5-
initro-salicylic acid (DNS) were purchased from Sigma–Aldrich,
nd were used as received. Silicon wafers (University Wafer, South
oston), Si/SiO2, typically cut into 1 cm2 slides, with a native oxide
ayer approximately 2 nm thick were used as substrates, after
leaning by a recommended procedure (Petri et al., 1999). Si/SiO2
afers were chosen as supports for the immobilization of cellulase
ecause (i) they are ﬂat enough to allow the use of ellipsometry for
dsorption monitoring and (ii) they provide such an environment
or immobilization that cellulase molecules retain their activity
Tébéka et al., 2009). Microcrystalline cellulose (spruce, Avicel,
2184, Fluka) was used as received. Sheets of cotton and eucalyp-
us were supplied by Lwarcel Cellulose and Paper (Lenc¸ óis Paulista,
ão Paulo) and Nitro Química S.A. (São Paulo), respectively. The
heets were cut into stripes and grounded in a water-cooled cut-
ing mill (Thomas Scientiﬁc model 3383-L10, Swedesboro) against
 10-mesh stainless steel sieve. All cellulose samples were further
ieved through a 100–200 mesh sieve (Fritsch Analysette 3 Spartan,
dar-Oberstein).
.2. Phosphoric acid treatment of cellulosePhosphoric acid-treated sample, CP, was obtained as follows:
vicel was dissolved in 85% (v/v) phosphoric acid under vigorous
tirring, at 50 ◦C, for a period of 45 min  (Zhang et al., 2007). The solu-
ion was precipitated in cold acetone, which was removed undernology 157 (2012) 246– 252 247
reduced pressure. The cellulose was washed twice with acetone,
which was  evaporated in the air. Cellulose was  then washed twice
with distilled water; its aqueous dispersion was  neutralized with
0.25 M NaOH, followed by dialysis (dialysis membrane 14,000 MW,
Viskase Corporation, Darien) and freeze-drying.
2.3. Determination of DP and IC
The viscosity-based degree of polymerization (DP) was deter-
mined by means of capillary viscometry measurements performed
at 25.0 ± 0.1 ◦C for cellulose solutions in cupriethylenediamine
hydroxide (CUEN)/water (1:1, v/v) according to an ASTM method
(ASTM D1795-94, 2001), using a shear-dilution Cannon-Fenske
viscosimeter (Schott) and a Schott AVS 360 automatic burette.
The dependence of ln(relative viscosity/[Cell-CUEN]) on [Cell-
CUEN] was strictly linear. The linear coefﬁcient corresponds to
the intrinsic viscosity, [], related to DP by the appropriate
Mark–Houwink–akurada equation:
DP0.905 = 0.75 × [] (1)
The differences between DP calculated from duplicate runs were
≤2%.
The indices of crystallinity (IC) were calculated from X-ray
diffraction data. These were recorded with Rigaku Miniﬂex diffrac-
tometer (Tokyo) operating at 30 kV, 15 mA and (Cuk) = 0.154 nm,
0.02◦/min. IC was  calculated using Eq. (2) (Buschlediller and
Zeronian, 1992):
IC = 1 −
(
Aam
Ac
)
(2)
where Aam and Ac are the areas corresponding to the amorphous
and crystalline regions. The X-ray scattering curves were decom-
posed following Lorentz function ﬁts, using the following scattering
angles: 2 between 18◦ and 19◦, amorphous region of untreated cel-
lulose (cellulose I); 2 between 14◦ and 15◦, amorphous region of
regenerated cellulose (cellulose II); 2 between 22◦ and 23◦, crys-
talline region. The morphology of cellulose ﬁbers was analyzed
by means of SEM-FEG JEOL 7401. Fibers were coated with a thin
(∼30 nm)  layer of sputtered gold prior to the analysis.
2.4. Determination of the isoelectric point of phosphoric
acid-treated cellulose
Potentiometric titration (pH meter Digimed DM20, São Paulo,
Brazil) was used to determine the isoelectric point of CP. As a con-
trol experiment, Avicel dispersion was analyzed under the same
experimental conditions. Aliquots of either 0.02 M HCl or 0.05 M
NaOH (typically 1 mL)  were added and stirred four hours in order
to change the initial solution pH, which was measured with a
glass electrode. The amount of protons (Q) in moles consumed or
released by each gram of adsorbent was  calculated using Eq. (3)
(Puziy et al., 2004):
Q =
(
V0 + Vt
m
)
× ([H+]i − [OH−]i − [H+]e + [OH−]e) (3)
where V0 and Vt are the volumes of background electrolyte and
added titrant, respectively, and m is the mass of the adsorbent. The
subscripts “i” and “e” refer to initial and equilibrium concentrations,
respectively. The initial proton concentration was calculated from
the amount of added titrant. The equilibrium proton concentra-
tion was calculated from the measured pH. Background electrolyte
and Avicel dispersion (control experiment) yielded similar titra-
tion curves, while the CP dispersion consumed larger amounts
of reactant (see titration curves in Supplementary material-SM1).
Moreover, the content of phosphorus in the CP sample was also
2 iotechnology 157 (2012) 246– 252
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etermined by means of inductively coupled plasma atomic emis-
ion spectroscopy (ICP-OES) using a Spectro Smart Analyzer Vision
quipment (SPECTRO Analytical Instruments GmbH, Germany).
.5. Determination of water sorption value of cellulose
Water sorption abilities of cellulose ﬁbers were determined by
eans of powder contact angle method, where a given mass of
ellulose was inserted into the measuring cylinder with porous bot-
om and pressed so that both sample volume inside the cylinder-
nd its packing were as homogeneous as possible. For this study,
he cellulose mass ranged from 0.2 to 0.5 g. Prior to the measure-
ent, each sample was conditioned during at least 24 h in the air, at
4 ± 1 ◦C and relative air humidity of 50 ± 5%. This pre-conditioning
s required in order to avoid changes and collapse of internal struc-
ure of the cellulose ﬁbers (Fan et al., 1981; Jeoh et al., 2007).
The cylinder containing the sample was connected to the mea-
uring unit of Krüss K100 precision tensiometer (Krüss, Hamburg
ermany). A vessel ﬁlled with ca. 60 mL  milliQ water was placed
n the platform drive system, which automatically approached
owards the cylinder until it touched the liquid surface. At this
oint, the liquid penetrates into the ﬁbers by capillarity, caus-
ng a steady increase in mass. The variation of the latter (m) was
ecorded automatically as a function of time by the provided soft-
are. The precision chosen during the experiments was 0.00005 g.
he procedure used for all measurements included ﬁrst a blank
un with empty cylinder, which was subtracted from measure-
ents performed for the sample. All samples were analyzed in
riplicates at 25.00 ± 0.01 ◦C and 50 ± 5% air relative humidity. The
elative standard deviations within the triplicate ranged from 10
o 15%. The experimental setup of this experiment is depicted in
upplementary material-SM2.
For the evaluation of water sorption value of ﬁbers a modiﬁed
ashburn equation for a single capillary (Eq. (4))  (Galet et al., 2010;
ersin et al., 2002; Topalovic et al., 2007) was applied. This equation
esults from the combination of the expression for the Laplace pres-
ure and the Hagen–Poiseuille equation for steady ﬂow conditions
Galet et al., 2010; Persin et al., 2002; Topalovic et al., 2007):
m2
t
= Cw 
2

cos  (4)
here Cw is the capillary constant, and ,  , and  refer to the den-
ity, the surface tension, the viscosity of the liquid, respectively,
nd  is the solid/liquid contact angle. Considering that all cellulose
amples are completely wetted by water (cos  = 1.0), and using the
eported values for the properties of water (Weast, 1983), Cw can be
etermined from the initial slope of m2 as a function of t, as shown
n Fig. 1.
.6. Cellulase adsorption onto Si/SiO2 wafers; calculation of the
oncentrations of adsorbed and free enzyme
Cellulase adsorption was carried out at 60 ± 1 ◦C by immers-
ng Si/SiO2 wafers into cellulase solution at the concentration of
.5 mg  mL−1 during one hour, in order to obtain maximal surface
overage (Tébéka et al., 2009). After that the slides were repeatedly
insed with distilled water and dried under a stream of N2. The
ean thickness of adsorbed cellulase layers d was  determined in
he air by ellipsometry (Tébéka et al., 2009); the adsorbed amount
f cellulase,  (mg  m−2), was calculated by multiplying d by the
ensity  of a dry enzyme layer ( ∼ 1.37 g cm−3) (Ortega-Vinuesa
t al., 1998): =  · d (5)
For comparison, catalytic activity of free cellulase was also
ested. The amount of free cellulase used was  the quantityt (s)
Fig. 1. Dependence of absorbed water mass on time obtained for CC at 24 ± 1 ◦C.
corresponding to that of immobilized cellulase, which was added
to 10 mL of cellulose dispersion. The mass of adsorbed cellulase was
estimated considering the adsorbed amount calculated from ellip-
sometric measurements (Eq. (5)) and the total area of Si/SiO2 wafers
(6 cm2). Once the volume of cellulose dispersion, where the cellu-
lase covered Si wafers are immersed, is known (10 mL) the cellulase
concentration can be estimated. This estimated value of cellulase
concentration was used for assays using free cellulase (see details
in Section 3.2).
2.7. Hydrolysis of cellulose samples
A suspension of cellulose sample (1%, w/w) in sodium acetate
buffer (10 mL,  0.050 M,  pH 4.7) was swollen for one hour under stir-
ring at 60 ◦C. Six cellulase covered silicon wafers were immersed
into a glass vial containing the cellulose suspension. The latter was
occasionally shaken manually since we  have found out that con-
tinuous stirring has no inﬂuence on the catalytic activity. After
24 h, aliquots of the aqueous suspension were collected and cen-
trifuged for 15 min  at 13,400 rpm. The supernatant was removed
and its glucose content was  quantiﬁed by a standard method (see
details below). The efﬁciency of reuse of immobilized cellulase was
evaluated. After each run, the slide was  rinsed with water and
reused, without allowing the adsorbed layer to dry, in order to
avoid enzyme denaturation. For comparison, the catalytic activity
of free cellulase was  also evaluated under comparable experimental
conditions.
The glucose concentration in the supernatant resulting from cel-
lulose hydrolysis was determined by a recommended procedure
(Miller, 1959), following the formation of 3-amino-5-nitrosalicylic
acid (ANS), formed by glucose-mediated reduction of 3,5-dinitro-
salicylic acid (DNS). The conditions of the DNS  method were
optimized in order to ensure reproducible determination of the
produced glucose in the concentration range of 0.01–0.1 mol/L,
see reaction scheme and details in Supplementary material-
SM3. The following are the optimized experimental conditions:
[DNS] = 5 × 10−5 mol/L;  = 500 nm;  reaction time between DNS and
glucose = seven minutes, at pH 13 and 95 ± 2 ◦C; a Beckmann Coul-
ter DU600 UV-vis spectrophotometer was employed.
3. Results and discussion
3.1. Cellulose samples characteristicsFig. 2a–c presents typical X-ray diffractograms obtained for
Avicel and CP samples cellulose samples along with their decom-
position Lorentz function ﬁts. X-ray diffractograms obtained for CC
and EC were also ﬁtted to Lorentz decomposition function (not
T.L. Ogeda et al. / Journal of Biotechnology 157 (2012) 246– 252 249
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Table 1
Cellulose samples characteristics. IC, DP and Cw stand for index of crystallinity,
degree of polymerization and capillary constant, respectively.
Sample IC DP Cw (10−16 m5)
Avicel 0.69 ± 0.03 301 ± 15 3.0 ± 0.4
CP 0.45 ± 0.05 61 ± 5 1.6 ± 04
CC  0.81 ± 0.04 958 ± 26a 10 ± 1
prepared samples, catalytic activity determined for immobilizedvicel and CP. Curves decomposition following Lorentz function ﬁts performed for
b)  Avicel and (c) CP.
hown). Avicel, CC and EC presented characteristic 2 diffraction
lanes at 23◦ (0 0 2), 21◦ (0 2 1), 17◦ (1 0 1) and 15◦ (1 0 1), which
orrespond to allomorph I, the most abundant form. CP presented
haracteristic 2 diffraction planes at 22.5◦ (0 0 2), at 20.5◦ (1 0 1)
t 12.5◦ (1 0 1), evidencing changes to allomorph II, which is com-
on  for regenerated cellulose (Fidale et al., 2008; Yui and Ogawa,
005). The second and third columns of Table 1 show the values
f (IC) and DP determined for the cellulose samples employed. As
xpected, the treatment with H3PO4 led to a substantial reduction
n the IC and DP values (Wei  et al., 1996).
SEM images revealed that Avicel (Fig. 3a) is formed by bundles
f ﬁbrils, which are transformed into ﬁne powder after treatment
ith phosphoric acid (Fig. 3b). Bundle of ﬁbrils were also observed
n CC (Fig. 3c) and EC (Fig. 3d). Images at lower magniﬁcation are
lso shown as Supplementary material-SM4.EC  0.74 ± 0.05 1049 ± 27a 3.7 ± 0.5
a Data extracted from reference Fidale et al. (2008).
3.2. Comments on the hydrolysis experiments
Comparing the efﬁciencies of immobilized and free enzyme
should be done under the same conditions, in particular the
enzyme/cellulose ratio. On the other hand, the optimum reaction
conditions for the immobilized enzyme may  not be the same as
those for the free enzyme. Therefore, the results for the immobi-
lized enzyme should be considered a lower limit of the maximum
possible yield (Chibata, 1978). The mass of adsorbed cellulase
was  calculated from the mean  value, which was found to be
7.5 ± 0.5 mg  m−2, and the total area of six Si/SiO2 wafers (6 cm2).
Thus, the equivalent mass of free enzyme used in the hydrolysis was
4.5 g (=6 × 7.5 × 10−4 mg)  cellulase, which was added to 10 mL
acetate buffer containing 0.1 g cellulose. Although this procedure
does not take into account diffusion barriers for the case of immo-
bilized cellulase, it is based on a reliable quantitative information,
namely, the adsorbed amount of cellulase.
3.3. Hydrolysis of cellulose samples by free and immobilized
cellulase
Considering that all terminal hemiacetal groups in cellulose
chains are able to reduce DNS to ANS, for each sample a control
experiment in the absence of cellulase was performed, in order
to determine the amount of ANS formed by its reaction with cel-
lulose. The contribution of this reaction was  taken into account
when the data of cellulase-mediated hydrolysis were determined.
As expected, among all cellulose samples, CP was the only one that
reduced signiﬁcant amount of DNS, because it presents the lowest
DP and, therefore, the highest concentration of terminal hemiacetal
group.
The mean adsorbed amount ( = 7.5 ± 0.5 mg m−2) obtained for
cellulase onto Si/SiO2 wafers is in agreement with previous results
(Tébéka et al., 2009). Fig. 4 shows the conversion rate of cellulose
into glucose using 45 g cellulase (free or adsorbed) per 1.0 g of cel-
lulose. The levels of conversion achieved by the free or immobilized
enzyme ranged from 1 to 7%. These levels are low in comparison to
those achieved by other authors (Hall et al., 2010; Jeoh et al., 2007)
because the amounts of free cellulase used by them were at least
three orders of magnitude larger than that used here.
The hydrolysis (ﬁrst run) with free cellulase was found to
be more efﬁcient than that with adsorbed cellulase. The contact
between the free enzyme and its substrate is more efﬁcient because
both have high degree of freedom, increasing the probability for
one coming into close contact with the other. When the cellulases
are adsorbed, their movements are restricted and the close con-
tact depends on the cellulose chains, which must diffuse to reach
the active site of the immobilized enzyme. Although the yield with
immobilized cellulase was lower than that with free cellulase, from
the practical and economical point of view, the possibility of reusing
immobilized cellulase is of great relevance. In comparison to freshlycellulase decreased ∼20% only after six reuses. Thus, as shown in
Fig. 4, the combined conversion rates observed for immobilized
cellulase after six reuses surpass those observed for free cellulase,
250 T.L. Ogeda et al. / Journal of Biotechnology 157 (2012) 246– 252
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bohydrate (Linder and Teeri, 1996). Thus, the phosphate groupsFig. 3. Scanning electron micrographs obtain
aking the use of immobilized cellulase more advantageous than
hat of free cellulase.
The desorption of immobilized cellulase was investigated after
ach use. The cellulase-covered wafers were removed from the
eaction vial, were rinsed with distilled water, dried with N2 and
he thickness of immobilized cellulase was determined by ellip-
ometry. The thickness variation was on the order of 5%, indicating
o desorption. However, one interesting observation was that after
 reuses the thickness of adsorbed layer increased considerably due
o the adsorption of cellulose ﬁbrils, which brought about activity
ecrease of 20%.
The pre-treatment of cellulose samples with phosphoric acid is
ell-reported in the literature (Zhang et al., 2007). In the present
tudy the hydrolysis of Avicel and CP catalyzed by free and adsorbed
ellulase yielded low amounts of glucose, although CP is less crys-
alline than Avicel. In general, less crystalline cellulose samples are
ore amenable to enzymatic hydrolysis because they are more
ccessible (Hall et al., 2010; Wyman  et al., 2005). However, in the
ase of CP, the presence of phosphate groups stemming from the
re-treatment might hinder the approximation of cellulase. The
uantiﬁcation of phosphate groups per gram of cellulose was  per-
ormed by potentiometric titration and ICP-OES analyses. In the
ECCCCPAvicel
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ig. 4. Conversion rates determined for Avicel, CP, CC and EC samples in the presence
f free (white column), adsorbed cellulase (gray column, ﬁrst run) and after 6 reuses
black column) with the same of cellulase covered Si wafers. Avicel (a), CP (b), CC (c) and EC (d) samples.
former the amount of protons (Q) in moles consumed or released
by each gram of adsorbent during potentiometric titration of CP
was  calculated using Eq. (3) (Fig. 5). The isoelectric point (pI)  of
CP, which is the pH at which Q equals zero, was found to be
5.3, indicating that phosphate groups remained attached to the
cellulose surface, even after exhaustive rinsing and dialysis. The
enzymatic hydrolysis takes place at pH 4.7 (acetate buffer), where
∼5 mol  (∼470 g) phosphate per gram of CP is expected to be
protonated. This content of phosphate is on the same order of mag-
nitude of that determined by ICP-OES analyses, namely 314 ± 5 g
of phosphorus per gram of CP. One consequence of having phos-
phate in the protonated form during the hydrolysis is hindered
approach of cellulase onto cellulose, yielding very low conversion
rates (Fig. 4), if compared to the higher rates expected based on
CP’s lower crystallinity. It has been shown that cellulase adsorp-
tion is facilitated by a cellulose-binding domain (CBD) in addition
to a catalytic domain. The binding is driven by van der Waals
interactions and H-bondings between CBD proteins and the car-chemically bonded to cellulose chains may  block the CBD accessi-
bility.
11109876543
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Fig. 5. Amount of protons (Q) in mmol consumed or released by each gram of
adsorbent during potentiometric titration of CP.
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Fig. 6. Correlation between conversion rates and capillary constant (Cw) determined
for Avicel, CP, CC and EC samples in the presence of free (a) and adsorbed (b) cellu-
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The conversion rates obtained with free cellulase were affected
y the type of cellulose sample. The hydrolysis order was
C > EC > Avicel ∼CP, although CC and EC present high DP and IC
alues. In contrast to literature reports (Lynd et al., 2002; Cao and
an, 2005; Pu et al., 2006), for this set of samples, enzyme acces-
ibility does not correlate with cellulose chain size or crystallinity.
n the other hand, the conversion rates can be directly correlated
ith sample Cw values, as shown in Fig. 6a. The larger the value,
he higher are the water sorption value and the conversion rate.
n order to compare the water sorption values of all samples, the
ependence of normalized mass (m/mmax)2 of absorbed water on
ime obtained for all samples is presented in Fig. 7. The water sorp-
ion value is intimately related to the capillary structure of cellulose
amples; it increases with the pore size or with the free space
etween the microﬁbrils. The pore volume is important because if
t is too small, cellulase has no access to cellulose. For instance, the
verage pore volume of white pine was reported as only half of that
f hardwood; the enzymatic hydrolysis of latter is higher (Grethlein
t al., 1984). Moreover, it has been shown that drying leads to cel-
ulose pore collapse hence to lower conversion rate (Jeoh et al.,
007). Therefore, Figs. 6a and 7 give a qualitative indication that
he mean pore volume follows the sequence CC > EC > Avicel ∼ CP.
hese ﬁndings are interesting because they show for the ﬁrst time
hat (i) water sorption value and IC are not necessarily interdepen-
ent and (ii) water sorption ability is a key parameter for cellulase
ccessibility. Recently, the sacchariﬁcation efﬁciency was related to
he water content in the cellulose suspension, which controls theFig. 7. Dependence of normalized mass (m/mmax)2 of absorbed water on time
obtained for Avicel (), CP (), EC () and CC (©) samples.
diffusion (or mass transfer) of cellulase within the reaction medium
to access the carbohydrates (Roberts et al., 2011).
The pore volume can be estimated by capillary rise method or by
the solute exclusion technique. The latter determines the volumes
available in the form of pores and cavities in the cellulose sample
packed in columns (Neuman and Walker, 1992). The advantage of
the capillary rise method used in the present study is that it allows
fast quantitative information about the ability of water sorption
(Cw) and a convenient qualitative analysis of pore volume (Cw ∝ r5,
r is the capillary radius). Quantitative analysis is not warranted
because the exact pore geometry is unknown.
Except for EC, the conversion rates obtained with adsorbed
cellulase showed no dependence on the Cw values (Fig. 6b). This
random behavior might be consequence of two complications:
cellulase is immobilized and cellulose must diffuse to CBD. Upon
adsorbing not all cellulase binding domains are necessarily prop-
erly oriented in order to bind to the cellulose surface. Moreover,
immobilized cellulases have much smaller degree of freedom than
free cellulases do; their translational and rotational movements are
restricted. Thus, the behavior observed in Fig. 6b may be due to (i)
the random conformation assumed by immobilized cellulase and
(ii) a state of lower probability for one attaching to the other, rather
than to the cellulose sample physical characteristics.
4. Conclusions
We demonstrated for the ﬁrst time that the hydrolysis of Avi-
cel, CC and EC samples catalyzed by free cellulase can be directly
correlated with the water sorption value, which depends only on
the pore volume, but was not inﬂuenced by DP or IC values. On
the other hand, in the case of immobilized cellulase, catalytic efﬁ-
ciency is controlled predominantly by the orientation of cellulase
active site and not by the cellulose physical characteristics. The pre-
treatment of microcrystalline cellulose with hot phosphoric acid
led to a cellulosic material with low DP and low IC, which should
favor the accessibility to the free cellulase. However, phosphate
groups chemically adsorbed on the cellulose surface hindered the
enzyme approximation. Immobilized cellulase can be reused six
times without appreciable loss of catalytic activity. The advantage
of using immobilized enzyme is readily shown from Fig. 4. Thus the
cumulative conversions are ∼4, 4, 1.3, and 3.3 times higher than
those observed for comparable concentrations of free enzyme, for
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